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models of facial and hypoglossal nerves (Jinno and Yamada, 2011; Kettenmann et al., 2013) .
After transection, microglial cells are activated and become intimately attached to the injured motoneurons. This historical nerve injury model served to reveal a phenomenon called synaptic stripping (Blinzinger and Kreutzberg, 1968) , and the elimination of synapses by microglia has recently become a major focus of microglial research. CCI causes motor nerve injury that results in microglial activation, as in the case of facial and hypoglossal nerve transection models (Blinzinger and Kreutzberg, 1968) . In one ischemic spinal cord injury model that causes paraplegia, microglial cells in the AH were reportedly observed to engage in synaptic stripping (Matsumoto et al., 2003) . However, synaptic stripping morphology may not be observed in the PH after spinal cord injury or CCI. On the basis of these observations, it is expected that responses in the AH would be distinct from those in the PH.
In this study, we compared the responses of glial cells, which consist of astrocytes, microglial cells, NG2 glia (or oligodendrocyte progenitor cells), and oligodendrocytes, in the AH with those in the PH 7 days after CCI. As expected, among the glial cell species, microglial cell responses were the most apparent in both the AH and PH. Microglia in the AH intimately attached to neurons while surrounding motoneurons, whereas microglia in the PH attached to myelin sheaths rather than to neurons.
Material and methods

Animals
All animal experiments were carried out in accordance with the Guidelines for Animal Experimentation of the Ehime University Graduate School of Medicine and followed the ARRIVE guidelines. Male Wistar rats (n=62, 8 weeks old; body weight 260-280 g;
Charles River, Osaka, Japan) were housed under standard laboratory conditions.
CCI of the left sciatic nerve
Under anesthesia with 2.5% sevoflurane, a gluteal muscle-splitting incision was made in the left mid-thigh to expose the common sciatic nerve. Three constrictive gut sutures were applied to produce the CCI model, as previously described (Hong et al., 2017; Liu et al., 2015) .
Quantitative real-time RT-PCR
Animals were sacrificed by intraperitoneal injection of pentobarbital, and their lumber spinal cords were dissected 7 days after the CCI operation. Tissues were divided into four sections: left anterior horn (LAH), left posterior horn (LPH), right anterior horn (RAH), and right posterior horn (RPH). Each section was prepared for quantitative real-time RT-PCR (qPCR) (N=4), as described previously (Abe et al., 2018) . Briefly, total RNA was extracted from the tissue homogenates using an RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden, Germany). The quality and quantity of purified RNA were examined using a NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). cDNA samples were prepared from 0.5 µg RNA using ReverTra Ace qPCR RT Master Mix with a gDNA remover kit (Toyobo, Osaka, Japan) and were then diluted threefold. qPCR analysis was then performed in triplicate using an MJ mini instrument (BioRad, Hercules, CA) and Fast Start Universal SYBR Green Master mix (Roche Diagnostic Japan, Tokyo, Japan). All gene-specific mRNA measurements were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA levels. The PCR primer sequences are listed in Supplementary Table 1 .
Western blotting
The four divisions of the dissected spinal cord tissues were processed for immunoblotting (N=4) using the primary antibodies listed in Supplementary Table 2 
Immunohistochemistry
Under deep anesthesia, CCI rats at 7 days after the CCI operation were subjected to perfusion fixation with 4% paraformaldehyde in PBS (N=5). Lumbar cord tissues containing the injury were coronally cryo-sectioned at a thickness of 10 µm and subjected to immunohistochemical staining using the antibodies listed in Supplementary Table 2 . Hoechst 33342 (Sigma-Aldrich, St. Louis, MO) was used for nuclear staining. The stained sections were observed with a Nikon A1 confocal laser scanning microscope (Nikon, Tokyo, Japan) or a scanning fluorescence microscope (BZ-9000; Keyence, Osaka, Japan). For morphometrical analyses, 1mm square areas of bilateral AH and PH were extracted. Quantitation was done using ImageJ software in each areas per section (N=4).
Behavioral analysis
Sensitivity to non-noxious mechanical stimuli was observed by von Frey testing using the up-and-down method (Chaplan et al., 1994) as described previously . In brief, the plantar surface of the hind paw within the sciatic nerve innervation area was stimulated using calibrated von Frey filaments (Stoelting) at baseline (days 2, 1, and 0 before CCI) and days 1, 3, 4, 5, and 7 after CCI. Stimuli were applied with a 0.4-15.0 g buckling force to the mid paw plantar surface with ascending filament stiffness until a paw withdrawal response occurred. The consecutive way of applying filaments was continued until six responses were recorded. The 50% threshold was calculated as described (Chaplan et al., 1994) .
The movement of hindlimbs was observed by BBB locomotor rating scale (Basso et al., 1995) at days 1, 3, 4, 5, and 7 after CCI. BBB rating scale is generally used to assess the movement of the hindlimbs after spinal cord injury. The rating method for the assessment of motor function after CCI has not established, therefore, BBB rating scale was applied for this experiment.
Statistical analysis
qPCR data were expressed as means ± standard error of the mean (SEM) or standard deviation and were statistically analyzed using GraphPad prism software (GraphPad Software, La Jolla, CA). Data were subjected to two-way ANOVA with Bonferroni test.
Significance was set at P < 0.05. Figure 1 shows the localization of neuronal nuclei (NeuN) (A-C), CD11b (A-C), neuron-glial antigen 2 (NG2) (A), glial fibrillary acidic protein (GFAP) (B), and myelin basic protein (MBP) (C), which are markers for neurons, microglia, NG2 glia (or oligodendrocyte progenitor cells), astrocytes, and oligodendrocytes, respectively. NG2 expression is often found in activated microglia and macrophages in the pathological brain (Aono et al., 2017; Nishihara et al., 2011) . When compared with the contralateral sides, enhanced CD11b immunoreactivity (ir) in both the ipsilateral (or left) AH and PH, respectively was the most apparent change among the five cellular markers. The observation was confirmed by morphometrical analyses (Suppl. Fig. 1 ). The CCI model has been frequently used to cause chronic neuropathic pain and microglial activation in the PH, which has been intensively investigated compared with changes in the AH. Enhanced CD11b-ir was similarly marked in the AH. Total RNA was isolated from the four parts (contralateral AH, PH and ipsilateral AH, PH) of the lumbar cords of the CCI model animals, and changes in the mRNA expression levels were evaluated by qPCR. Figure 1D shows the results of qPCR detecting mRNA for NeuN (Da), NG2 (Db), GFAP (Dc), MBP (Dd), and CD11b (De). Among the qPCR results, GFAP mRNA was increased in the left AH and PH compared with the right AH and PH, respectively. CD11b mRNA was also elevated in the left AH and PH. A marked increase of CD11b mRNA in the PH was worth noting. NeuN, NG2, and MBP mRNA expression was not affected by CCI. The expressional changes at mRNA level was almost well correlated with those at protein levels as revealed by immunoblotting ( Fig. 1E ) except for GFAP ( Fig. 1Ec ).
Results
Glial cell responses 7 days after CCI
Despite the significant differences in mRNA expression, corresponding differences in GFAP expression at the protein level were not found by immunoblotting.
Astrocytes and microglia
The activation of astrocytes characterized by enhanced GFAP-ir was observed in both the AH and PH in the ipsilateral side (Suppl. Fig. 2 ). However, microglial activation with increased Iba1-ir was more apparent than that with increased GFAP-ir. Close observation of the contralateral AH indicated that the astrocytes were located in the vicinity of motoneurons ( Fig. 2A) , whereas activated microglia were more intimately attached to motoneurons than were astrocytes in the ipsilateral AH ( Fig. 2B ). In the contralateral PH ( Fig. 2C ), astrocytes were attached to the neurons, and distributions of the microglia appeared to be independent of the neurons. In the ipsilateral PH ( Fig. 2D ), microglia became activated and displayed enlarged somata and shortened processes, and their intimate attachment to neurons (arrowheads) was less frequent than in the ipsilateral AH.
Changes in NG2 expression
NG2 was expressed by NG2 glia in the contralateral AH and PH (Suppl. Fig. 3 ).
Close observation of the contralateral AH showed that NG2 glia with delicate processes appeared to attach to motoneurons ( Fig. 3A ). Fewer numbers of microglial cells were located in the contralateral AH than in the ipsilateral AH. Although most of the NG2-expressing cells were different from the microglia, some microglial cells in the vicinity of motoneurons seemed to express NG2 ( Fig. 3A , arrowheads; Suppl. Fig. 4 ). NG2 glia appeared to attach to neurons in both the AH and PH. In the ipsilateral AH, activated microglial cells surrounding the motoneurons expressed NG2, and most of the NG2-expressing cells were Iba1+ microglia ( Fig. 3B and Suppl. Fig. 4C ). On the contrary, in the ipsilateral PH, the expression of NG2 by microglia was not apparent, and most NG2-expressing cells were not microglial cells ( Fig. 3D and Suppl. Fig. 4D ).
Expression of CD68
As previously described (Nakata et al., 2011) , the mononuclear phagocyte marker CD68 was not expressed by parenchymal microglia in the normal spinal cord (data not shown). In the ipsilateral AH, however, microglia surrounding the motoneurons strongly expressed CD68, suggesting that they were engaged in phagocytosis ( Fig. 4 ). In addition, microglia have been implicated in synaptic stripping or pruning in order to shut out excitatory inputs targeting damaged neurons or to modulate neuronal circuits. Dense localization was observed along the surface of the motoneurons of granular structures with the expression of synaptophysin (the major synaptic vesicle protein), indicating the presence of presynapses.
Localization of CD68 + phagosomes in the Iba1 + microglial cytoplasm overlapped with synaptophysin localization (Fig. 4B ). In addition, synaptophysin-ir was sometimes found in the CD68 + phagosomes, suggesting that activated microglia phagocytosed the presynapses ( Fig. 4B and 4C) . A faint colocalization of NeuN with synaptophysin was found in the CD68 + phagosomes (arrowheads in Fig. 4C ).
In the ipsilateral PH, activated microglia strongly expressed CD68 ( Fig. 5 ).
Although synaptophysin-expressing presynapses were as abundant as those in the AH, colocalization of CD68 + phagosomes and synaptophysin was not frequent (Fig. 5B ). CD68 + phagosomes were often colocalized with myelin basic protein + structures or myelin sheaths ( Fig. 5B ), suggesting that activated microglia in the ipsilateral PH may be involved in the elimination of myelin sheaths.
Changes in mRNA expression
In accordance with the immunohistochemical results, the expressed CD68 mRNA levels were increased in ipsilateral tissues (Fig. 6A ). In addition, CD68 mRNA was much higher in the PH than in the AH. Similarly, the mRNA for F4/80, which may be involved in phagocytosis and antigen presentation, was increased in ipsilateral tissues, in particular in the PH. To determine the possibility that microglia play a role as antigen-presenting cells (APCs), the expression of APC markers was also investigated. CD11c mRNA expression was weakly increased in the ipsilateral PH. The expression of the mRNA encoding complements C1q and C3 was increased in the ipsilateral sides, which was similar to changes observed in the F4/80 mRNA. Increase in F4/80 expression in the ipsilateral side was confirmed by immunoblotting, but significant increase in C3 protein expression was only found in the ipsilateral PH (Suppl. Fig. 5 ). These changes and the above immunohistochemical data raise the possibility that the reduction of mRNA was for the pre-and postsynaptic proteins synapsin I and PSD95.
However, significant changes in the mRNA and protein levels of synaptic proteins were not observed between the ipsi-and contralateral sides ( Fig. 6B and Suppl. Fig. 5 ). This immunohistochemical observation also raised the possibility that the microglial cells eliminated the myelin sheaths by phagocytosis. The expression of myelin associated glycoprotein (MAG) mRNA and MBP proteins in the left PH tended to decrease; however, these changes were not entirely apparent ( Fig. 6C and Figs. 1Dd and 1Ed ).
Microglial activation has often been divided into two classes: proinflammatory or M1 activation and anti-inflammatory M2 activation (Tang and Le, 2016) . The mRNA expression of the proinflammatory cytokines IL-1β and IL-6, which are considered to be M1 markers, was increased in the left side ( Fig. 6D ). CCI did not affect the expression of mRNA for CD206, YM1 known as Chitinase 3-like 3, or arginase 1 (Arg1), all of which are considered to be M2 markers (Fig. 6E ). The expressions of mRNA encoding neurotrophic factors such as BDNF and hepatocyte growth factor (HGF) were also examined ( Fig. 6F ).
CCI weakly increased BDNF mRNA expression in the left PH and weakly decreased it in the left AH (Fig. 6Fa ). The BDNF mRNA expression levels were higher in the PH than in the AH regardless of CCI. HGF mRNA was increased in the left PH (Fig. 6Fb) .
Microglia can play a role as APCs; thus, activated microglia in the left tissues can activate T cell-dependent cytotoxicity. Although T cell marker CD3 mRNA expression was not changed, the helper T cell marker CD4 mRNA expression was increased in both the AH and PH in the left side ( Figs. 6Ga and 6Gb) . However, the cytotoxic T cell marker CD8 mRNA did not change (Fig. 6Gc ). Granzyme and perforin expression was not increased (data not shown).
Differential outcomes of motor and sensory disorders
The above-mentioned differences in cellular and molecular responses in AH and PH suggest that the motor and sensory disorders caused by CCI would show different outcomes.
Therefore, motor deficits and hyperalgesia were kinetically examined after CCI for a week by employing BBB scoring and von Frey test ( Fig. 7 and supplementary movie 1 and 2) . Motor deficits characterized with disordered walk with a limp, of which sole faced the upside. The motor deficits were the most evident at day1 after CCI, and the symptoms significantly ameliorated at day 3. On the other hand, CCI-induced hyperalgesia was not marked at day1, but the sensory disorders became severer at day 3. Thus, the difference in cellular and molecular responses between AH and PH may be correlated with the different courses of motor and sensory symptoms.
Discussion
CCI causes neuropathic chronic pain that often accompanies hyperalgesia, which is an exaggerated pain response to noxious stimuli or allodynia characterized by pain from stimuli considered as nonpainful. In addition, strong and persistent activation of microglia is observed in the PH of the ipsilateral side in neuropathic pain animal models (Tsuda et al., 2003) . Such activated microglia have been implicated in the pathogenesis of allodynia at least partly through the release of BDNF (Trang et al., 2011; Tsuda et al., 2010) . Therefore, microglial activation in the PH after CCI has become the focus of several studies. However, as our results show, microglia also become activated in the AH after CCI and display distinct morphologic characteristics.
NG2 chondroitin sulfate proteoglycan has been recognized as a marker for oligodendrocyte progenitor cells or NG2 glia. In addition, it is well known that activated phagocytic microglia and bloodborne macrophages express NG2 (Aono et al., 2017; Sekiya et al., 2019; Sugimoto et al., 2014) . In this study, some microglia with resting morphology had weak immunofluorescence of NG2 in the contralateral AH. Almost all microglia in the ipsilateral AH strongly expressed NG2, whereas those in the ipsilateral PH only faintly expressed NG2. Although the functions of NG2 in activated microglia have not yet been elucidated, distinct NG2 expression levels may reflect differences in the mode of activation.
As has been described (Dimou and Gallo, 2015) , NG2 glia are activated with increased NG2 expression in response to pathologic changes, and the NG2 immunofluorescence in Iba1 − cells or NG2 glia is increased. However, changes in NG2 glia appeared not so marked as those in microglia based on morphologic, qPCR and immunoblotting results. GFAP expression was increased in the ipsilateral sides, and CCI did not affect NeuN expression.
Therefore, CCI-induced cellular pathology in the spinal cord should be characterized by the activation of microglia and astrocytes.
Astrocytes covered most of the surface of motoneurons in the contralateral AH, with NG2 glia occupying the surface less significantly than astrocytes. Microglia in the contralateral AH were smaller in size and fewer in number than those in the ipsilateral AH.
Microglia in the contralateral AH that were directly attached to motoneurons were quite few.
However, in the AH on the ipsilateral side, microglia displayed an elongated shape while surrounding most of the surface of motoneurons. The activated microglia in the AH had abundant phagosomes with CD68 expression, in which synaptic proteins were sometimes present. This suggested their involvement in the phagocytic elimination of synapses or what is termed synaptic stripping. This type of microglial activation has been well investigated in a facial nerve axotomy model (Blinzinger and Kreutzberg, 1968; Moran and Graeber, 2004) .
These types activation of microglia may not be harmful, but rather protective for harmed motor neurons by releasing various neurotrophic factors (Nakajima et al., 2007) . Microglial phagocytic elimination of synapses, also called synaptic pruning, is critically involved in the developmental changes of neural circuits (Kettenmann et al., 2013) . Indeed, synaptic pruning by microglia in the developmental brain may be mediated by complements, and CD11b may be responsible for the recognition of C3-bound synapses (Schafer et al., 2012; Stevens et al., 2007) . In fact, the increased expression of CD11b and complements was found in the left (or ipsilateral) AH in this study. However, mRNA encoding synapsin I and PSD95 was not decreased in the ipsilateral AH. In addition, the phagocytosis of synapses decreased mRNA expression, because mRNA for synaptic proteins is located in the synaptosomes (Aono et al., 2017) . Therefore, synaptic elimination by microglia in the left AH may not be carried out in an exhaustive manner, because immunohistochemical staining showed that abundant synaptophysin-ir was still present along the perimeter of the motoneurons.
In contrast, neurons in the ipsilateral PH were not surrounded by microglia, although some microglia intimately attached to the neurons. Microglia in the PH appeared to attach preferentially to myelinated neurites and CD68 + phagosomes internalized MBP-ir, suggesting phagocytosis of the myelin sheaths by microglia. Compared with the contralateral PH, the number of microglia was markedly increased. mRNA for complements C1qb and C3 was expressed at the highest levels in the ipsilateral PH among the four parts of the spinal cord. This suggests that microglial phagocytosis of the myelin sheath may be mediated by complements supposedly as opsonization. Furthermore, high expressions of F4/80 and CD11c, which are markers for APCs, were observed in the ipsilateral PH. CD4, a helper T cell marker, was also expressed at the highest level in the ipsilateral PH. However, mRNA for CD3, the T cell receptor, and CD8, a marker for cytotoxic T cells, was expressed at very low levels.
Therefore, the high expression of CD4 mRNA may not reflect the accumulation of helper T cells but rather the expression of CD4 by activated microglial cells. In a rat experimental autoimmune encephalomyelitis model, activated microglia were reported to express CD4 (Almolda et al., 2009) . Activated microglia in the spinal cord of the present CCI model may also express CD4. The roles that the elevated expression of APC markers and CD4 play in pathophysiology, however, remain unknown. CD4 or CD8 has been shown to express by infiltrated blood-borne macrophages (Matsumoto et al., 2015; Perry and Gordon, 1987; Wang et al., 2002) . However, Arg1 mRNA expression was not changed between the left and the right sides, and Arg1 is a well-known marker for M2-polarized macrophages (Li et al., 2012) .
Therefore, the increased CD4 expression may not be attributable to the infiltrated macrophages. The expression of immune-related factors in the ipsilateral PH suggests the presence of immune reactions to experimental autoimmune encephalomyelitis (EAE) or multiple sclerosis, in which the destruction of the myelin sheath is observed. Patients with multiple sclerosis frequently experience acute and chronic pain (Svendsen et al., 2004) .
BDNF produced by activated microglia in the PH has been implicated in the genesis of chronic neuropathic pain (Trang et al., 2011; Tsuda et al., 2010) . In fact, BDNF expression levels were much higher in the PH than in the AH in this study, and the difference in the expression levels between the ipsi-and contralateral PH was significant. Our observation suggests that neuropathic pain as a result of CCI may at least partly be attributable to the phagocytosis of myelin and various immune reactions, in which activated microglia play a critical role.
Arg1 is a marker for alternative or M2 activation of macrophage/microglia (Munder et al., 1999) . Arg1 was found to be expressed at much higher levels in the PH regardless of CCI. However, the expression levels of CD206 and YM1, other M2 markers (Kanazawa et al., 2017) , were not significantly changed among the four parts of the spinal cord. IL-1β and IL-6, classical M1 activation markers (Kanazawa et al., 2017) , were expressed at higher levels in both the ipsilateral AH and PH. HGF, a neuroprotective factor and a possible M2 marker, was expressed at higher levels in the ipsilateral PH than in other parts. Collectively, these data showed that activated microglia in the ipsilateral sides cannot be classified into M1 and M2 phenotypes, as has been described in cases of ischemic brains and cultured microglia (Matsumoto et al., 2015) . These data are well coincided with the recent notion that the M1/M2 classification may not be suitable to define the nature of activated microglia or macropahges in the pathological brains and spinal cords (Islam et al., 2018; Ransohoff, 2016) .
Therefore, the present study demonstrated that microglia in the AH and PH display different modes of activation after CCI, with the former morphologic characteristic being intimate attachment to surround motoneurons and the latter being the phagocytosis of myelin.
Taking into account the lower expression of complements, CD68 and F4/80, in the ipsilateral AH compared with the PH, the phagocytic ability of microglia in the AH may be weaker than that in the PH. Activated microglia surrounding motoneurons in the ipsilateral AH appeared to be engaged in synaptic stripping; however, it was unlikely that microglia fully engaged in synaptic elimination by phagocytosis. Because microglia can exert neuroprotective effects through the release of various neuroprotective factors, and neurons surrounded by microglia do not undergo degeneration (Nakata et al., 2011) , activated microglia in the AH may engage in neuroprotection. In fact, functional examination showed that the apparent motor deficit observed at day 1 shortly disappeared after day 3. On the contrary, activated microglia in the PH may worsen neuropathic pain not only by releasing BDNF but also by damaging the myelin sheath. In accordance with this notion, hyperalgesia became aggravated after day 3 in contrast to the motor deficits.
Conclusions
The activation modes of microglia were different between the AH and PH, which are correlated with different symptoms related to motor and sensory functions after peripheral nerve injury. Bonferroni test and are shown as means ± SEM. *, ** and *** denote P<0.05, 0.01, and 0.001, respectively.
Figure captions
Fig. 2. Astrocytes and microglial cells in the lumbar cord
Detailed observation of astrocytes and microglial cells in the lumbar cord at 7 days after CCI as shown by 3D-reconstructed images (N=5). Large motoneurons in the contralateral side were surrounded mainly by astrocyte processes (A) but not by microglial cells, whereas neurons in the ipsilateral side were surrounded by activated microglial cells (B). (C) Most posterior horn neurons in the contralateral side appeared to make contact with astrocytes.
Some activated microglial cells attached to a few posterior horn neurons in the ipsilateral side (D). 
